Abstract-We report on the modeling of the energy distribution functions of the adspecies in diatom forma tion at catalytic surfaces under steady state conditions. To this end master equations are employed, in the case of either continuous or discrete set of adatom energy levels in the adsorption potential well, and the impact of the distribution function on reaction rate investigated. The transition from thermal to hyperthermal reac tion rates has been studied as a function of rate coefficients for recombination and energy dissipation pro cesses. Experimental data available from the literature, have been analysed in the framework of the theoreti cal model. It is shown that hyperthermal energy distribution functions entail a "hot atom" reaction mecha nism.
INTRODUCTION
The rate of catalytic processes taking place on solids surfaces are expected to depend, strongly, on the energy of the reacting species. A complete description of the kinetics of a catalytic reaction under steady state condi tions requires the knowledge of the energy distribution function of the reacting adspecies, i.e. of how the spe cies are distributed in energy in the adsorption potential well. Under these circumstances the process of disposal of the reaction energy to the solid is of paramount importance and might lead to an overpopulation of the vibrational ladder of the adspecies with respect to the Boltzmann energy distribution at the temperature of the surface. These hyperthermal energy distribution func tions (df) entail an enhancement of the reaction rates.
The purpose of the present paper is the determina tion of the energy df of adspecies, under steady state conditions, in exoergic surface process such as recom binative adsorption. The paper is divided as follows. The first section is devoted to theoretical models suit able for determining the energy df. In particular, two approaches are here discussed; the first deals with a continuum of energy states in the adsorption well, while the second with a discrete set of vibrational levels. In the second section we discuss experimental data available from the literature in the framework of the theoretical approach. In the last section the occurrence of hyper thermal df and their relevance to 'hot atom' reactions is examined and discussed. 1 The article is published in the original.
MODELING THE ENERGY DISTRIBUTION FUNCTION

Master Equation for a Continuum Set of Energy Levels
In this section we deal with a mobile-adlayer model system, where the adspecies occupy the continuum of states in the one dimensional adsorption potential well (Fig. 1a) . It is also assumed that adatoms enter the potential well from the upper bound state at energy Е* and dissipate their energy into the solid via the excita tion of phonons and electron hole-pairs [1] . The dissi pation of the energy of the adatom into the solid, from energy state E to Е -η, is described through the rate coefficient К(Е, Е -η); in turn the rate coefficient of the reverse process is attained from detailed balancing
, where β = 1/k В Т and η > 0 (Fig. 1a) . Let us consider a state at energy E in the adsorption potential well. The (net) flux of ada toms incoming this state owing to the scattering Е ↔Е + η reads
where t is the running time and the energy df that is proportional to the probability that the adatom is in a state at energy E. Denoting with ρ(Е) the ada
tom density of states, the time evolution of the df is given by the master equation
where ϕ(E, t) is the changing rate of the df due to recombination. It is worth recalling that for ϕ = 0 Eq. (2) reduces to the Chapman-Kolmogorov equa tion [2] . In addition, in the limiting case of very small energy transfer (η) Eq. (1), together with the continu ity equation in energy space, leads to the FokkerPlanck equation with the diffusion coefficient [3] . In the following we discuss solutions of Eq. (2) in closed form, at steady state where the time derivative vanishes. This is done in the model case of density of states and rate coefficient both independent of energy. This approximation makes it possible to highlight how the kinetic quantities affect the df and, in turn, the reac tion rate. Under these circumstances using the dimen sionless quantity ε = βЕ and defining g = fe ε , Eq. (2) gives
The function g is the overpopulation of the states with respect to the Boltzmann distribution and, from now on, is considered, with E* of the order of magnitude of the binding energy of the molecule. To solve Eq. (3) ϕ(Е) has to be defined. To this end we consider the activation energy of the reaction as with Е а being the adsorption energy of the adatom (Fig. 1a) . Open reaction cannels require in addition E' + E '' ≥ E # with E', E'' energy of reacting adatoms. In order to simplify the mathematical com putation, since the majority of the adatoms populate the ground level, we shall consider only reaction chan nels involving this level. The ϕ function is therefore given according to (4) where θ is the total surface coverage, Z the rate con stant for recombination, θ НА the surface coverage by reactive atoms at ε > ε # (Hot Atoms) and Δε 1 will be set equal to zero at the end of the computation. Therefore, for Δε < ε < ε # (ϕ = 0) Eq. (3) leads to the differential equation (5) gives
Moreover, in the energy interval Eq. (3) becomes
(1 ) ) as a function of βZ/ρK. The corre spondence between and curves is also indi cated. where was assumed. Eqs. (6) and (8) give the energy df which is subjected to the fulfilment of the following constraints:
where and I* . By means of Eqs. (6), (8) , since λ 0 is expected to be much lower than unity and ε* 1, I* is eventually computed as
and Consequently, from λ = λ 0 /I* we eventually obtain that is a relationship between the λ and λ 0 parameters. Therefore, given the input parameters ε # , ε* and λ, the I* quantity can be determined and this makes it possible to solve the kinetic problem in closed form.
In the following, and throughout the theoretical sec tion 1, the steady state surface coverage, θ, which enters the λ parameter, is considered to be one. This value is in fact in agreement with the experimental data discussed in the next section 2.
Results of this approach are shown in Fig.1b for parameter values typical of recombinative adsorption of light atoms at low temperature. The energy df are displayed for ε* = 2ε # = 80 together with the recombi nation rate Φ = 2Zθ 2 I* (normalized to the rate (6) and (8)) clearly show that whenever recombi nation is active at the surface f(E) is hyperthermal to an extent that depends upon βZ/ρK, i.e. the ratio between rate constant for recombination and energy dissipation into the solid.
Rate Equations for a Discrete Set
of Vibrational Levels Modeling the adatom energy df can also be per formed by employing rate equations for a discrete set of + 1 vibrational levels. This approach leads to an analytical solution more manageable than that dis cussed in sect.1.1. Adsorption, and energy dissipation into the solid are dealt with by using first order kinetic equations while recombination is described by a sec ond order kinetics. The exchange of vibrational quanta among adatoms can also be taken into account and its effect on the shape of the df studied. The rate equations describe the time dependence of the popu lations of the nth vibrationl level, θ n , as the adatoms "descend" the ladder owing to the dissipation of vibra tional quanta (Fig. 2a) . Recombining adatoms will also leave the levels provided the energy of the reacting cou ple is higher than the activation energy. A scheme of a harmonic vibrational ladder is depicted in Fig. 2a where p denotes the vibrational quantum number of level at energy and Φ n is the recombination rate from the nth level. In the following we discuss a model solution, at steady state, which is suitable to be compared with the continuum approach of sect.1.1. Specifically, for the reaction channel involving atoms in the ground level and in level p of the harmonic lad der (vibrational energy and , respec tively), the recombination rate reads = The steady state solution of the kinet ics leads to the df [4, 5] (10)
In this equation, θ ≈ θ 0 is the total surface coverage and P the pseudo first order rate coefficient for the vibrational energy exchange between the adatoms.
Also,
+ where E 01 is the energy spacing of the ladder. For vanishing P/K Eq. (10) differs from the Boltzmann distribution for the extra term Φ/K, that is the ratio between recombination rate and rate constant for the dissipation of vibrational quanta into the solid. On the other hand, when the quantum exchange among adatoms prevails
.
), the distribution becomes θ n ≈ θ 0 γ n . In this case the vibrational temperature of the adlayer is given by which is greater than the sur face temperature T, as long as
The behaviour of the vibrational populations, Eq. (10), is displayed in Figs. 2b and 2c in the limiting cases and , respectively. Computa tions reported in Fig. 2b refer to the same values of activation energy and θ as in the contimuum case (Fig. 1b) , namely, θ = 1. The reaction rate at steady state is computed by using the df and the equation with θ 0 ≈ θ. In the inset of Fig. 2b the behaviour of the normalized recombina tion rate ( ) is displayed as a function of the Z/K parameter.
At the mathematical level the present model is in fact attained from the master equation of sect.1.1 by setting = δ being Dirac's delta.
In the limiting case the df can be expressed in terms of the vibrational temperature of the adlayer, as Using this distri bution in the rate equation for recombination, one calculates the normalized reac tion rate as a function of T ' (inset of panel 2c). The results are reported in panel c where the recombi nation rate is found to be a function of the ratio between the temperature of the adlayer (vibrational) and of the substrate, where
Proper con sideration of the anharmonicity of the vibrational lad der of the adspecies, with its energy spacing decreasing at increasing quantum number n, = with α the anharmonicity of the poten 
(distribution derived by Treanor et al in [6] ), which exhibits a minimum at n = [7, 8] .
DISTRIBUTION FUNCTIONS The existence of hyperthermal energy df predicted by the theoretical models presented in section 1 has actually been identified in previous work through an appropriate analysis of experimental literature data. Here we shall discuss two different systems:
H Atom Abstraction and Recombination on Pt(111)
When a beam of H atoms impinges on a Pt(111) surface, partially covered by preadsorbed D atoms, the production rate of HD and D 2 molecules is mea sured up to steady state when only H 2 is formed by recombination. The kinetic analysis of refs. [8, 9] was based on the experimental results of refs. [10, 11] and involved four performing vibrational levels: level n = 3 at Е 3 = Е а above the ground level level n = 7 at and a high lying level, located at n = 18, which is needed to account for the double peaked angular distribution of the scattered molecules observed in [11] . This analysis provided the time evo lution of the relative populations of these levels up to steady state and Fig. 3a shows the experimental points, at steady state, fitted by a Treanor df (Eq. (11)) with the following parameters: E 01 = 12 kJ mol -1 , Е а = 35 kJ mol -1 , α = 0.015, T = 85 K and T/T ' = 0.37, i.e. Т ' = 230 К. Also included in Fig. 3a , for comparison, is the corresponding Boltzmann distribu tion at 85 K. Similar nonequilibrium distributions of the adspecies have been suggested in [7] for interpret ing the hyperthermal vibrational distribution of nascent H 2gas in H atom recombination on a variety of metal surfaces.
High Rate and Low Rate Regimes
in CO Oxidation on Ir(111) When the CO content in a CO/O 2 mixture interact ing with a surface of a Pt group metal is progressively increased the rate of CO oxidation increases up to a maximum to decrease sharply for a critical, tempera ture dependent, value of the CO content in the gas mix ture. This High-Rate (HR) reaction regime is then fol lowed by a Low-Rate (LR) regime. If the CO content is now progressively decreased the reaction can revert to the HR regime at either the same value of the gas com position or at a lower value. This gives rise to a hysteresis loop, which implies a bistability region (BS), as shown in the inset of Fig. 3b . Proper reduction of available lit erature data [12] allowed one to describe the parallel process of CO desorption, both in the HR regime of an oxygen rich surface and in the LR regime of a CO rich surface. The outcome of this analysis was the determi nation of 'apparent' as well as of 'true' activation ener gies for both CO oxidation and desorption and their dependence on surface coverage by O or CO-adspe cies. The conclusion was that nonequilibrium condi ) are plotted against the CO mole fraction in the gas phase Y and define the high rate, the low rate and the bistability regions of the system. The main figure shows the nonequilibrium parameter as determined in both domains at the tran sition temperatures T. ' 
T T
Pt(111)
85 K tions prevail in the HR regions, while, under LR regimes, conditions closely correspond to Boltzmann equilibrium. This is illustrated by Fig. 3b , derived from the analysis of the data of ref. [13] for Ir(111) in a pres sure range 10 -3 -10 -4 Pa. In this figure the nonequilib rium parameter Т '/Т determined for both regimes at the HR → LR transition is plotted against the transition temperature T.
3. CONCLUSIONS The vibrational df calculated for a continuum (Fig. 1b) and a discrete (Fig. 2b) Fig. 2c ).
The kinetic transition observed in the CO oxida tion on Pt group metals (inset of Fig. 3b ) between a HR regime, corresponding to an oxygen-rich surface, and a LR regime, characterized by a CO-rich surface, was ascribed to a change of K from values in the range 10 8.5 -10 10.5 in the oxygen-rich surface to much higher values, in the range 10
